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Abstract
    Solid-fueled chemical looping combustion (SF-CLC) is an advanced process for highly efficient coal combustion 
with in-situ CO2 capture. The key issue in the development of SF-CLC is the ability of the oxygen carrier (OC) 
material to improve the gasification rate and combustion efficiency. In this study five iron-based materials were 
investigated as OCs using a bench-scale fluidized bed reactor.  These materials were ilmenite ore (N-FeOC-1), an 
industrial by- product based iron OC (N-FeOC-2), 50% Fe2O3 supported on Al2O3(S-FeOC-1), 50% Fe2O3
supported on 48% Al2O3 and 2% Na2O (S-FeOC-2), and the third OC with 2% Na2O being coated on the particle 
surface (S-FeOC-3). Char prepared from Eastern and Western Kentucky Coal (USA) and 50 vol% water vapour 
were used as the fuel and the gasification/fluidizing agent, respectively. The rate of char conversion and in-situ 
syngas conversion in SF-CLC were the primary focus of this study and an attempt at improvement was made by 
adding a small amount alkaline metal using various methods. It was found that N-FeOC-2 and S-FeOC-3 showed 
excellent performance. Additionally, the method of adding the alkaline metal (Na+) to SF-CLC system showed an 
important effect on the gasification rate and in-situ syngas conversion. 
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1. Introduction 
      Chemical looping combustion (CLC) is considered a promising technology because of the potential to produce a 
high purity stream of CO2 that is directly ready for sequestration and because of the resulting low energy penalty 
due to the avoidance of an additional gas-gas separation step [1-2]. CLC technology using coal as a feedstock has 
drawn extensive attention recently because of the lower cost and greater availability of coal when compared to other 
fossil fuels. To practice SF-CLC, a process design similar to a gaseous-fueled CLC can be applied. Two reactors 
(the air reactor and the fuel reactor) are interconnected with metal oxide particles (the oxygen carrier, OC) being 
circulated between the two reactors to transport oxygen from the air reactor to the fuel reactor.  In the fuel reactor, 
the OC is physically mixed with solid fuel particles and ash produced from the fuel combustion. A gasification agent, 
such as CO2, water vapor, or a mixture of the two gases is necessary for the reaction between coal char and OC take 
place at an appreciable rate.  
      An important issue in the development of solid fueled CLC technology is the selection of a suitable material for 
use as an oxygen carrier. Metal-based materials have been evaluated as oxygen carriers for SF-CLC, mainly a 
transition metal (Fe, Ni, Cu, Mn, Co, or a mixture) base with or without an inert support, natural minerals, and solid 
wastes [1]. At present, it seems that an iron based material is the preferred OC despite of its low oxygen transport 
capacity [3-4]. The OC should have at least two qualities that are sustainable over a large number of redox cycles.  
First, a high reactivity between the OC and the syngas is desired. As the syngas is quickly removed from the in-situ 
solid fueled gasification reaction, the syngas inhibition of the char gasification reaction is mitigated.  Second, a high 
conversion of in-situ char gasification syngas to CO2/H2O by the OC is desired. High conversion efficiency 
improves the combustion efficiency of the whole system and leads to the avoidance of combustible gas separation 
downstream, before the CO2 is compressed. Additionally, the low cost and environmental compatibility of iron 
based OC are very important considerations for SF-CLC. 
The aim of this work was to investigate the performance of coal-char fueled chemical looping combustion using 
different iron-based oxygen carriers. The coal gasification and in-situ syngas conversion in SF-CLC were 
investigated in a batch fluidized bed using two coal chars as solid fuels and 50% high temperature steam as the 
gasification/fluidizing agent. Specially, an attempt was made to improve SF-CLC by adding a small amount alkaline 
metal via various methods.  
2. Experiment
2.1 Materials 
      The five iron-based OCs in this study include: ilmenite ore (N-FeOC-1), an industrial by-product based iron OC 
(N-FeOC-2), 50% Fe2O3 supported on Al2O3(S-FeOC-1), 50% Fe2O3 supported on 48% Al2O3 and 2% Na2O (S-
FeOC-2), and the third OC with 2% Na2O being coated on the particle surface (S-FeOC-3). All OCs are very similar 
in active content (Fe2O3) at approximately 50 wt. % (N-FeOC-1: 52.9%; N-FeOC-2: 51.6%; S-FeOC series: 50%). 
The ilmenite OC (Canadian ilmenite) was activated for 5 reduction and oxidization cycles in the fluidized bed 
reactor at 950 oC. The S-FeOC series and N-FeOC-2 were fabricated via a lab-scale freeze granulation method. N-
FeOC-2 was prepared from solid waste (Red mud) from the alumina industry Beyer process, while the S-FeOC 
series OCs were prepared using commercially available hematite (Fe2O3), alumina oxides (Al2O3), and Na2CO3.
Before being used in SF-CLC tests, S-FeOC-1 and S-FeOC-2 particles were stabilized at 1400 oC for 6 hours, while 
the N-FeOC-2 particles were stabilized at 1150 oC for 6 hours in an air atmosphere. S-FeOC-3 was developed using 
S-FeOC-2 as a matrix and a small amount of Na2CO3 (equivalent to 2% Na2O) was coated on the particle surface via 
wet impregnation methods. S-FeOC-3 particles were stabilized at 950 oC for 6 hours before experiments. All OC 
particles used were in the range of 125-350ȝm. 
Two batches of coal char were prepared using Eastern and Western Kentucky Coal (USA) on a fixed-bed pyrolyzer. 
The parent coal was heated to 700 oC at a rate of 20 oC/min and then held for 60 min to remove most of the volatiles. 
N2 gas flowed through the fixed bed during the pyrolysis period. The coal char products were crushed and particles 
in the range of 180 -350 ȝm were used for SF-CLC experiments. The proximate and ultimate analyses of the two 
coal char are given in Table 1. 
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Table 1. Proximate and ultimate analyses of Eastern and Western Kentucky (EKy & WKy) coal char. 
Proximate analysis (%)   Ultimate analysis (%)  Qb,ad 
 Mad Aad  Vad FCad  Cad  Had  Nad  Sad  Oad   /MJ·kg-1
EKy  - 15.92 4.33 78.0  78.26 1.67 1.75 1.02 1.38  28.4 
WKy - 14.72 4.34 77.7  76.74 1.84 1.67 2.48 2.55  27.9 
2.2 Experimental setup and methods 
      The schematic diagram of the batch fluidized bed reactor system is shown in Figure 1. The experimental setup is 
equipped with a syringe pump and a steam generator that also acts as a mixing tank. This allows injecting a precise 
amount of steam into the reactor. The fluidizing gas is introduced from the bottom of the reactor. The gas flow rates 
are controlled with mass flow controllers (MFCs). The solid fuel can be introduced from the storage bin directly into 
the bed materials via a pipe with the tip submerged in the hot OC bed during tests. A multi-gas analyzer is used to 
obtain the concentrations of CO2, CO, H2, CH4, and O2 in the dry flue gas. The pressure drop, temperature of the bed, 
and gas concentrations are recorded. 
      Seven batch experiments were carried out to evaluate SF-CLC: (1) char steam-gasification, (2) char-fueled CLC 
using S-FeOC-1, (3) char premixed with 4% Na2CO3 powder (relevant to coal char mass)-fueled CLC using S-
FeOC-1, (4) char-fueled CLC using S-FeOC-2, (5) char-fueled CLC using S-FeOC-3, (6) char-fueled CLC using N-
FeOC-2, and (7) char-fueled CLC using N-FeOC-1. All experiments were conducted at 950 oC, with 50 vol% steam 
balanced by N2 introduced to reactor as the fluidizing and gasification agent. 300.0 g fresh bed materials (OCs for 
CLC or inert sand for gasification) were first loaded into the reactor, then heat to the desired temperature. 2.0 g fuel 
char were used as feedstock. For each batch test, the SF-CLC period was followed by an OC regeneration process 
using an air stream of 3 L/min. This arrangement allowed for a mass balance calculation of carbon and oxygen 
elements. The instantaneous rate of char conversion and the instantaneous conversion rate of syngas [5] were used to 
evaluate the gasification rate.  
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Figure 1. Bench-scale fluidized bed reactor. 
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3. Results and discussion 
       XRD measurements of fresh iron-based OCs were performed to identify the main crystalline phase. The major 
crystalline phases in N-FeOC-1 were free Fe2O3, TiO2, and Fe2TiO5. The XRD patterns of N-FeOC-2 showed that 
the primary active content was free iron oxides (Fe2O3), and other crystalline phases included calcium titanate 
(CaTiO3), rutile (TiO2), and composite salts (CaAl2Si2O8 and NaAlSiO4). All would likely to serve as inert supports. 
S-FeOC-1, S-FeOC-2, and S-FeOC-3, all contained the same crystalline phases: iron oxide (ɚ-Fe2O3), alumina (ɚ-
Al2O3), and iron aluminum oxide (FeAlO3). FeAlO3 formed via the interaction between iron oxides and the alumina 
during the calcination process. No Na-containing phase was discernable in S-FeOC-2 and S-FeOC-3 because the 
amount of sodium was so small it was difficult to distinguish in the XRD pattern.  
The morphology of the unreacted OCs was imaged using scanning electron microscopy (SEM), and the resulting 
micrographs are shown in Figure 2. It should be noted that the structures of S-FeOC-1 and S-FeOC-3 were the same, 
so only one is depicted. 
      Figure 3 and Figure 4 show the reactor outlet dry-based gas concentration profiles of the EKy coal char-fueled 
CLC tests, using N-FeOC-2 and S-FeOC-3 as examples. During the SF-CLC period, the coal char was gasified with 
steam to generate CO and H2, both of which were immediately converted to CO2 and H2O via OC reduction 
subsequently, leaving only small amounts of CO and H2 in the exhaust gas. No CH4 was detected. During the initial 
period of OC regeneration, almost no oxygen or carbon oxides were observed while the temperature of the bed 
materials in the reactor increased very rapidly. This phenomenon indicated that all the oxygen introduced with the 
air was consumed by the re-oxidation of the depleted OC. As the residual char was burned with oxygen, gaseous 
CO2 was detected. The concentration profiles are very similar for all the oxygen carriers tested and are not shown. 
However, the reaction time for complete conversion of the coal char and the concentration of unconverted gas were 
apparently dependent on the OC used.  

a) N-FeOC-1 b) S-FeOC-1
c) S-FeOC-2 d) N-FeOC-2
Figure 2. SEM images of fresh OCs used for SF-CLC tests.
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Figure 3. Gas concentration profile of EKy coal char-fueled 
CLC using N-FeOC-2.
Figure 4. Gas concentration profile of EKy coal char-fueled 
CLC using S-FeOC-3.
      Figure 5 shows the instantaneous rate of char conversion of EKy coal char-fueled CLC using different OCs. For 
comparison, the instantaneous rate of char conversion of coal char gasification under the same operation conditions 
was also shown. Except for N-FeOC-1, the use of other OCs can significantly promote the coal char conversion rate 
when compared to external gasification. However, the final carbon conversion was not improved. It is believed that 
OC reduction could immediately consume the syngas (CO/H2) produced from in-situ char gasification which has 
been confirmed to be an important inhibitor for gasification [6]. Therefore the rate of char gasification can be greatly 
increased when the in-situ syngas concentration is decreased. The ilmenite OC (N-FeOC-1) exhibited the lowest 
improvement in gasification rate and final carbon conversion due to its low reactivity. It is well know that Na+ can
catalyze the gasification reaction. However, the SF-CLC tests using the S-FeOC-2 and S-FEOC-1 showed very little 
differences in instantaneous rate of char conversion. The addition of Na+ to the coal char side [SF-CLC test (3)] did 
not show any improvement. It is notable that the coal char conversion rate can be greatly promoted if the Na+ was 
coated on the OC particles [see SF-CLC test (5)].   
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Figure 5. Instantaneous rate of char conversion in EKy 
coal char-fueled CLC with different solid particles as bed 
materials. 
Figure 6. Instantaneous rate of char conversion in WKy 
coal char-fueled CLC with different solid particles as bed 
materials (note: the test using N-FeOC-1 is absent).
      On the other hand, the use of an OC showed a different coal char conversion pattern when compared to external 
gasification. When the degree of carbon conversion is less than 0.8, the instantaneous rate of char conversion in 
external gasification increased slowly.  When the degree of carbon conversion proceeded beyond 0.8, the rate of 
char conversion increase very quickly. During the OC steady reaction conditions of SF-CLC, the instantaneous rate 
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of char conversion increased nearly linearly with the degree of carbon conversion. It also can be seen that the 
improvement in rate of char conversion by use of OCs decayed before the carbon particles were consumed. 
Similar results were obtained when WKy coal char was used a solid fuel, and the results are shown in Figure 6. 
Figure 7 and Figure 8 show the instantaneous rate of syngas conversion in EKy and WKy coal char-fueled CLC 
with different solid particles as bed materials. In this study, the instantaneous conversion rate of syngas for different 
tests is plotted against OC conversion (only the reduction of OCs from Fe2O3 toward Fe3O4 was considered). S-
FeOC-1 exhibited the lowest instantaneous conversion rate of syngas among all the tests, approximately 0.75- 0.8 
for the two different coal chars.  Additions of Na+ to fuel side [SF-CLC test (3)] and OC side [SF-CLC test (4)] can 
greatly improve this value even though there was no improvement in the char gasification rate. Again, S-FeOC-3 
showed best performance, and the instantaneous rate of syngas conversion for SF-CLC test (5) approached to 100%. 
The instantaneous rate of syngas conversion for the ilmenite OC (N-FeOC-1) reached 0.92 even though the ilmenite 
OC showed low reactivity.
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0
In
st
an
ta
ne
ou
s 
co
nv
er
si
on
 r
at
e 
of
 s
yn
ga
s 
Conversion of OC from Fe2O3 to Fe3O4
 (2) CLC with S-FeOC-1 and char
 (3) CLC with S-FeOC-1 and (char+ 4% Na2O)
 (4) CLC with S-FeOC-2 and char
 (5) CLC with S-FeOC-3 and char
 (6) CLC with N-FeOC-2 and char
 (7) CLC with N-FeOC-1 and char

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0
. I
ns
ta
nt
an
eo
us
 c
on
ve
rs
io
n 
ra
te
 o
f s
yn
ga
s 
Conversion of OC from Fe2O3 to Fe3O4
 (2) CLC with S-FeOC-1 and char
 (3) CLC with S-FeOC-1 and (char+ 4% NaCO3)
 (4) CLC with S-FeOC-2 and char
 (5) CLC with S-FeOC-3 OC and char
 (6) CLC with N-FeOC-2 and char

Figure 7. Instantaneous rate of syngas conversion in 
EKy coal char-fueled CLC with different solid 
particles as bed materials.
Figure 8. Instantaneous rate of syngas conversion in 
WKy coal char-fueled CLC with different solid 
particles as bed materials.
4. Conclusions 
The performance of coal char-fueled CLC using different iron-based OCs was determined in a batch fluidized bed 
reactor. An attempt was also made to improve the performance of SF-CLC via adding a small amount alkaline metal 
using various methods. The use of iron-based OCs was found to significantly improve the rate of char-steam 
gasification. The OC fabricated from the by-product of alumina industry (N-FeOC-2) and the synthesized OC coated 
with Na+ (S-FeOC-3) showed excellent performance. The good performance of N-FeOC-2 may be attributed to 
minimal interaction between the active content and the support phase. The ilmenite ore OC (N-FeOC-1) shows the 
lowest improvement in char-steam gasification due to a low reactivity. The lower reactivity and syngas conversion 
efficiency of S-FeOC-1 is attributed to the formation of an FeAlO3 crystalline phase during the preparation process.  
The alkaline metal (Na+) addition method to the SF-CLC system showed an important effect on the gasification rate 
and in-situ syngas conversion, and the alkaline metal was most beneficial when it was coated on the OC particle 
surface.
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